ABSTRACT. Several studies have documented the process of early embryonic development in poultry; however, the molecular mechanisms underlying its developmental regulation are poorly understood, particularly in ducks. In this study, we analyzed differential gene expression of embryos 6 and 25 h following oviposition to determine which genes regulate the early developmental stage in ducks. Among 216 randomly selected clones, 39 protein-encoding cDNAs that function in metabolism, transcription, transportation, proliferation/apoptosis, cell cycle, cell adhesion, and methylation were identified. Additionally, the full-length cDNA of the Nanog gene, encoding a 302-amino acid protein, was obtained. Quantitative real-time polymerase chain reaction analyses were performed to detect expression levels of the selected genes during early and late embryonic stages, which revealed that these genes are expressed in a particular spatial and temporal pattern. These results indicate that these genes may play pivotal roles in the process Construction and analysis of a cDNA library in duck of area pellucida formation through a complex and precise regulatory network during development in duck embryos.
INTRODUCTION
Early embryonic mortality is a major problem plaguing the poultry industry (Coleman, 1983; Dupuy, 2002) , but its biological basis remains unknown. The normal embryonic developmental sequence in poultry, including ducks, is established by specific stages of morphogenetic progression during the preoviposition and incubation periods (Eyal-Giladi and Kochav, 1976; Gupta and Bakst, 1993; Bakst et al., 1997; Sellier et al., 2006 ). Yet, the molecular regulation of early embryonic development remains unclear, particularly in ducks.
Eyal-Giladi and Kochav (1976) developed a 14-stage classification (EGK stages) according to morphogenetic development in the early chicken embryo during the oviductal period. Similar staging procedures have been described for turkey (Gupta and Bakst, 1993) and Pekin duck (Dupuy et al., 2002) . Development in the Pekin duck embryo is divided into a cleavage phase, in which cell division occurs regularly (stages EGK I-VI), and the area pellucida formation phase, during which thinning in the central zone of the blastoderm occurs as a consequence of cell shedding (EGK stages VII-IX). Although the relative rates of embryonic development differ among species and strains, the stage of embryonic development can be identified by nearly identical external features. Therefore, in this study, following the standards of Eyal-Giladi and Kochav (1976) and Dupuy et al. (2002) study of temporal development in poultry, each stage of duck development was characterized based on morphological criteria.
The aims of this study were to identify known and novel candidate genes playing potential roles in the regulation of morphogenetic changes and area pellucida formation in the duck blastoderm, and to identify the expression profile of certain genes in early and late embryo stages. In ducks, the egg enters the uterus with a translucent or opaque shell membrane 6 ± 1 h following oviposition (EGK stages II-III) when the embryo is in the early cleavage period, which is characterized by several closed cells in its center. At 20 ± 1 h after oviposition (EGK stages VI-VII), the egg mass has been in the uterus for 13-15 h and is surrounded by a hard shell. At this stage, the embryo is referred to as a blastoderm, and shed cells from its ventral surface at the posterior end of the embryo, and the area pellucida begins to develop. When the egg is freshly laid (within 1 h of oviposition) with a complete shell (EGK stages VIII-IX), the extension of the area pellucida toward the anterior part can be observed, and the boundary between the area pellucida and the area opaca becomes more distinct. This stage is called the area pellucida formation period, which is not only the end of blastoderm development in vivo, but also the beginning of hypoblast formation.
To investigate the molecular mechanisms that regulate early embryonic development and identify related functional genes in ducks, the blastodiscs of fertilized eggs were isolated from the oviduct and at oviposition, and differentially expressed genes were identified by a novel subtractive hybridization method called duplex-specific nuclease (DSN)-mediated normalization and subtractive hybridization (DNSH) (Ji et al., 2002; Dai et al., 2009 ). Many genes, including several known self-renewal and pluripotency-specific genes, such as Nanog, DNA (cytosine-5-)-methyltransferase 3 beta (DNMT3B), heat shock protein-90 (HSP90), and DEK, are differentially expressed between the early cleavage and the area pellucida formation periods. HSP90 and DEK expression levels were examined at a later developmental stage. The results suggest that morphological development in early duck embryos is accompanied by expression of specific transcription factors that dictate the overall plan of the early embryo and may play a role in special tissue development.
MATERIAL AND METHODS

Egg selection
We selected 60 fertilized female ducks (high yield period) with similar genetic backgrounds. The daily egg times of the ducks were observed and recorded for 30 days, and then the ducks were euthanized by cervical dislocation 6, 20, and 25 h after oviposition (± 1 h), and the oviduct egg mass was removed before it was completely molded. In addition, embryos from freshly laid eggs (removed within 1 h of oviposition) were also evaluated. Approximately 20 embryos were assessed per time period. We also isolated tissue from fertilized eggs at days 15, 21, and 27 during incubation, and from 4 euthanized embryos at each developmental stage.
Blastoderm preparation
Eggshells were opened and placed on Petri dishes. The yolk was gently turned upside down in order to view the blastoderm, which was then grasped and detached with fine forceps. Ten blastoderm pieces (6 and 20 h after oviposition and from freshly laid eggs), and all tissues (brain, heart, and liver, obtained 15, 21, and 27 days after incubation, respectively) were frozen immediately in liquid nitrogen and stored at -80°C for RNA extraction.
RNA isolation and cDNA synthesis
Total RNA was isolated from the blastoderm and from the brain, heart, and liver using the AxyPrep Multisource Total RNA Miniprep Kit (Axygen, San Francisco, CA, USA) and an RNA Prep Pure Tissue Kit (Tiangen, Beijing, China), following manufacturer protocols. The concentration and purity of total RNA was determined with a spectrophotometer (NanoVue, GE Healthcare, Piscataway, NJ, USA), and integrity was examined on 1.2% agarose gels containing 0.1% ethidium bromide. First-strand cDNA was synthesized from 1 µg total RNA in each sample using the TransScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China) for use in quantitative reverse transcription-polymerase chain reaction (RT-PCR) analyses.
Construction of normalized and subtracted cDNA libraries
cDNA libraries were constructed with DNSH according to previously established methods (Ji et al., 2002; Dai et al., 2009 ). The main procedure was as follows. First, the firststrand and double-stranded cDNA were synthesized by PCR. The PCR products were purified using the QIA Quick PCR Purification Kit (Qiagen, Valencia, CA, USA). The RNA of the test group was again reverse transcribed with the T7oligo-dT primer to generate the tester RNA. Second, tester cDNA and excess driver RNA were hybridized, following an addition of the DSN to specifically cleave DNA into DNA:DNA or DNA:RNA forms. Finally, the subtracted cDNAs were amplified with 3 rounds of PCR using different primers. PCR products with fragment lengths >500 bp were purified using the QIA Quick Gel Extraction Kit (Qiagen), ligated with the pUCm T vector, transformed, and plated. In total, 216 white recombinant colonies were randomly selected. After being shaken overnight, the cDNA of fragments >750 bp were sequenced using the M13F and M13R vector primers (Table 1) . Table 1 . Primers used to build the cDNA library.
Sequence analysis of differentially expressed genes
After the vector and redundant sequences were removed using Vecscreen (http:// www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html) and the Staden Package, respectively, a sequence homology search was performed against GenBank databases using BLASTX and BLASTN (http://www.ncbi.nlm.nih.gov/BLAST) to achieve gene annotation ( Table 2) . The differentially expressed genes identified were categorized using Gene Ontology (http://www. geneontology.org/).
Quantitative RT-PCR validation
Real-time RT-PCR was used to validate the differential expression patterns of 6 selected genes. Gene-specific primers (Table 3) were designed with the Primer 5.0 software. 18S rRNA and β-actin were used as reference genes for the blastoderm and embryonic tissues, respectively, including the heart, liver, and brain. RT-PCR was run in triplicate using an ABI 7300 instrument (Applied Biosystems, Foster City, CA, USA) at 94°C for 3 min, 94°C for 10 s, and 40 cycles at 60°C for 30 s. RT-PCR was performed in a 25-µL reaction mixture, containing 1 µL cDNA template, 1X THUNDERBIRD SYBR qPCR Mix, 1X ROX reference dye (TOYOBO, Tokyo, Japan), and 0.4 µM each primer. The relative expression levels of the genes tested were calculated using the 2 -ΔCt method (DCt = cycle threshold (Ct) of the target gene -Ct of 18S rRNA/β-actin). Data are reported as means ± SE. Differences between groups were examined with the Student t-test and were considered to be significant when P < 0.05. 
RESULTS
Results of the DNSH process
The result of each step of the DNSH method is shown in Figure 1A -E. The integrity of total RNA was assessed to visualize the 28S and 18S RNA ( Figure 1A) . Two groups were evident in the coating strip shape, and the cDNA insert size was 0.5-3 kb ( Figure 1B) . PCR amplification of the subtractive product was optimal after 20 cycles ( Figure 1C) . A clear band was concentrated at approximately 1.8 kb after the subtracted cDNAs were amplified by 3 rounds of PCR ( Figure 1D ). The results of 216 positive clones were tested by PCR amplification ( Figure 1E ).
Analysis of differentially expressed genes
We acquired 66 differently expressed sequences among the clones, and 35 proteincoding cDNAs were identified using BLASTN and BLASTX searches. The sequences were categorized into 8 functional groups, including metabolism (21.05%), transcription (15.79%), transport (18.42%), proliferation/apoptosis (13.16%), cell cycle (7.89%), cell adhesion (5.26%), methylation (5.26%), and unknown function (13.16%) (Figure 2 ). Most of these proteins appeared to be associated with metabolism, such as that of fatty acids and glycerol or transcription.
Analysis of the Nanog sequence
We isolated full-length cDNA of Nanog (GenBank accession No. HQ699480) with an open reading frame of 909 bp encoding a 303-amino acid (aa) protein, using the DNSH method. The complete protein and homeodomain sequence of this gene was compared with that of the zebra finch, chicken, mouse, and human (Figure 3) . A homeodomain of 63 aa, located between aa 109 and 171, was predicted in the duck Nanog protein using InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) ( 
Expression patterns of selected cDNA clones by RT-PCR
The genes analyzed were differentially expressed during the time course of development. Expression levels of Nanog and HSP90α were both highly upregulated compared to the other genes analyzed. Nanog mRNA was not detected 6 h after oviposition, whereas both Nanog and HSP90α were detected at 20 and 25 h after oviposition, although expression of HSP90α was significantly higher compared to that of Nanog (P < 0.05). The expression levels of DNMT3B, HSP90α, and DEK mRNA increased gradually during embryonic development (P < 0.05) (Figure 4 ).
HSP90α and DEK expression patterns during the late stage of embryonic development
Nanog mRNA was not detected, and the expression level of DNMT3B was lower in the heart, liver, and brain during incubation at days 15, 21, and 27. HSP90α and DEK mRNA expression levels increased gradually during development in the heart, brain, and liver, and were significantly higher (P < 0.05) in the brain and heart ( Figure 5 ). 
DISCUSSION
Early embryonic development has been directly associated with hatching rate in the duck industry. Dupuy et al. (2002) described progressive developmental stages according to the morphogenetic development of the early duck embryo during the oviductal period. However, few studies have examined the molecular mechanisms underlying early embryonic development in ducks. Thus, we used a DNSH screen to identify genes with different expression patterns in 6-25 h blastoderms, as some of the genes were predicted to be involved in the regulation of early embryonic development.
DNSH is a recently established method based on classic suppression subtractive hybridization (Diatchenko et al., 1996) , DSN-mediated transcriptome subtraction (Peng et A B al., 2008) , and full-length normalization subtractive hybridization methods (Ji et al., 2002) . DSN shows maximal activity at 65°C and specifically cleaves DNA into DNA:DNA or DNA:RNA forms (Zhulidov et al., 2004; Anisimova et al., 2008) . However, some cDNA fragments broke as a result of the experimental procedure. We isolated full-length cDNA of Nanog, with an open reading frame of 909 bp encoding a 303-aa protein, which did not have a 10-pentapeptide repeat at the C-terminus; a prominent feature of the mammalian Nanog subfamily (Pan and Pei., 2005) . This sequence was similar to those of the chicken and the axolotl (Lavial et al., 2007) .
Nanog is a critical regulator of self-renewal and pluripotency in embryonic stem cells and prevents differentiation into the primitive endoderm during embryonic development. Nanog was first identified and named by two independent groups using different strategies (Chambers et al., 2003; Mitsui et al., 2003) . These researchers first detected Nanog mRNA in morulae, rather than during early cleavage, up to the early blastocyst stage, and then found that it was restricted to the inner cell mass during mouse embryo development (Hart et al., 2004; Hatano et al., 2005) . These results are consistent with the expression pattern of Nanog in ducks and indicate that its regulatory mechanisms during early development may not be exclusive to mammals.
De novo methylation is crucial for normal embryonic development, such as genomic imprinting (Hore et al., 2007) and gene silencing (Lande-Diner et al., 2007; Miranda and Jones, 2007) . Abnormal patterns of DNA methylation result in early embryonic lethality in mice (Li et al., 1992; Okano et al., 1999) . De novo methylation is carried out through two methyltransferases, DNMT3A and DNMT3B. DNMT3B is specifically expressed in E4.5~7.5 mouse embryos and is very low expressed after differentiation (Watanabe et al., 2002) . This pattern is similar to the expression profile of DNMT3B observed in ducks.
Notably, the role of de novo methylation in regulating Nanog expression during embryonic stem cell self-renewal and differentiation has been under intense investigation (Deb-Rinker et al., 2005; Li et al., 2007; Fouse et al., 2008) . These studies validated that, at least in part, DNMT3A and DNMT3B cooperate in the methylation of Nanog and Oct4 promoters during cell differentiation. When the duck egg is freshly laid (25 h after oviposition), the embryo grows to the late blastocyst stage and is about to begin differentiation to the hypoblast stage. The Nanog promoter, or its target gene, may be methylated, which leads to downregulation, and the hypoblast begins to differentiate as a result of the upregulation of DNMT3B. However, this hypothesis needs further validation.
As a dimmer, HSP90 can influence development, epigenetic changes, and morphological evolution (Pearl et al., 2008) . mRNA expression of the HSP90α isoform increases at the G1/S transition in chicken hepatoma cells (Jérôme et al., 1993) . In addition, depletion of HSP90α leads to failure of proper somite and muscle development and paralyzes zebrafish embryos (Lele et al., 1999; Etard et al., 2007 Etard et al., , 2008 . HSP90α and HSP90β are expressed at the 8-cell cleavage and blastocyst stages during early embryonic development (Mezger et al., 1991) , which is consistent with our results.
The DEK protein was originally identified as a fusion protein in a subset of patients with acute myeloid leukemia (von Lindern et al., 1992) . Differentiation results in DEK downregulation in human promyelocytic HL-60 cells and in human foreskin keratinocytes, and in turn, overexpression of DEK counteracts cell differentiation (Savli et al., 2002; Wise-Draper et al., 2009b) and promotes proliferation and transformation of epithelial cells (Wise-Draper et al., 2009a) . The DEK gene was originally described during early embryonic development, but is preferentially expressed in actively proliferating cells and can inhibit cell differentiation, senescence, and apoptosis. Thus, identifying DEK in 25-h blastoderms by the suppression subtractive hybridization method is not unexpected. This result shows that DEK is not only very important in carcinogenesis, but is also important in early embryogenesis, as it is involved in the decision to proliferate or differentiate.
Nanog mRNA was not detected and DNMT3B mRNA was expressed at a low level in the heart, liver, and brain during incubation for 15, 21, and 27 days, respectively. This result was consistent with several previous experiments. The expression patterns of HSP90α and DEK indicate that they may also play an important role during the late stages of embryonic development, particularly in the formation of brain and heart tissues. However, additional studies are required to clarify the mechanisms regulating brain and heart development.
Proper early embryonic development depends on a delicate balance among cell proliferation, differentiation, and apoptosis, which is regulated by key genes in a well-defined modulation network. Note that Nanog, HSP90, and DEK all have direct or indirect relationships with p53, which transactivates pro-apoptotic genes and begins differentiation during embryonic development. Many investigators have demonstrated that loss of p53 function promotes stemness and self-renewal, whereas active p53 suppresses Nanog function. p53 binds to the Nanog promoter in vitro and in vivo (Lin et al., 2005) . Some studies have shown that the role of DEK in cellular survival is realized by destabilizing p53-mediated apoptosis, implicating p53 as a DEK target gene (Wise-Draper et al., 2006) . HSP90 stabilizes the conformations of mutant proteins, including v-src, Bcr-Abl, and p53 (Neckers, 2002) . Therefore, early embryonic development is finely regulated by a complex network of cell proliferation and differentiation transcription factors whose genes are silent or active. However, further studies are required to clarify the functional mechanisms of these key genes in ducks, as they will provide a better understanding of the regulatory mechanism underlying early embryonic development, and provide basic data for improving the hatchability rate of fertile eggs for the duck industry.
